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A. K. KOCHANSKI,@ M. KÖHLER,& S. K. KRUEGER,@ R. WOOD,** AND M. ZHAO
11

* Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California
1 National Center for Atmospheric Research, Boulder, Colorado

# Department of Atmospheric, Oceanic and Space Sciences, University of Michigan, Ann Arbor, Michigan
@ Department of Atmospheric Sciences, University of Utah, Salt Lake City, Utah

& Deutscher Wetterdienst, Offenbach, Germany
** Department of Atmospheric Sciences, University of Washington, Seattle, Washington

11 Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey

(Manuscript received 30 December 2010, in final form 3 March 2011)

ABSTRACT

Observations of the scale dependence of height-resolved temperature T and water vapor q variability are
valuable for improved subgrid-scale climate model parameterizations and model evaluation. Variance
spectral benchmarks for T and q obtained from the Atmospheric Infrared Sounder (AIRS) are compared to
those generated by state-of-the-art numerical weather prediction ‘‘analyses’’ and ‘‘free-running’’ climate
model simulationswith spatial resolution comparable toAIRS. TheT and q spectra fromboth types ofmodels
are generally too steep, with small-scale variance up to several factors smaller than AIRS. However, the two
model analyses more closely resemble AIRS than the two free-running model simulations. Scaling exponents
obtained for AIRS column water vapor (CWV) and height-resolved layers of q are also compared to the
superparameterized Community Atmospheric Model (SP-CAM), highlighting large differences in the mag-
nitude of CWV variance and the relative flatness of height-resolved q scaling in SP-CAM. Height-resolved q
spectra obtained from aircraft observations during theVariability of theAmericanMonsoon SystemsOcean–
Cloud–Atmosphere–Land Study Regional Experiment (VOCALS-REx) demonstrate changes in scaling
exponents that depend on the observations’ proximity to the base of the subsidence inversion with scale
breaks that occur at approximately the dominant cloud scale (;10–30 km). This suggests that finer spatial
resolution requirements must be considered for future satellite observations of T and q than those currently
planned for infrared and microwave satellite sounders.

1. Introduction

The scale dependences of atmospheric horizontal
winds, potential temperature u, and kinetic energy (KE)
power spectra obtained from aircraft observations follow
an approximate 23 power-law wavenumber scaling for
length scales less than 800 km (and25/3 for scales greater
than 500 km) (e.g., Nastrom and Gage 1985), but a com-
plete physical explanation of their origin continues to
be vigorously debated (e.g., Tung and Orlando 2003;
Tulloch and Smith 2006; Lindborg 2009; Lindborg et al.

2010; Lovejoy et al. 2009; Smith and Tulloch 2009; Tuck
2010). Observational benchmarks of scaling exponents
have been used to evaluate KE spectra obtained from
relatively low- (Koshyk et al. 1999) and high-resolution
(Skamarock 2004; Takahashi et al. 2006; Hamilton et al.
2008) NWP and climate models in order to gain insights
into model physics and determine whether the23 to25/3

break in the mesoscale region is faithfully represented.
Most of the emphasis in the literature to date focuses

on comparisons of KE spectra between observations and
models (Hamilton et al. 2008). The scale dependences
of the variability of temperature T and especially water
vapor q are not well characterized in space and time on
a global basis despite both variables strongly controlling
cloud processes at the subgrid scale in NWP and climate
models (Cusack et al. 1999; Tompkins 2002; Seiffert and
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von Storch 2008; Wang et al. 2010) and therefore
helping to establish the sign and magnitude of cloud
feedbacks and overall climate sensitivity (Randall et al.
2007). Furthermore, the few existing aircraft studies of q
spectra in the mesoscale (e.g., Nastrom et al. 1986; Cho
et al. 2000) support an approximate 22 scaling with
little or no mesoscale break reported, in stark contrast
to previously published potential temperature and KE
spectra.
Recently, Kahn and Teixeira (2009, hereafter KT09)

derived a global observationally based climatology of T
and q variance scaling from the Atmospheric Infrared
Sounder (AIRS) Advanced Microwave Sounding Unit
(AMSU) (hereafter simply AIRS) suite between ;150
and 1300 km. A rich variety of structure in the scaling
exponents was revealed from these observations that
were not previously reported from aircraft (e.g., Nastrom
and Gage 1985) and satellite observational studies (e.g.,
Cahalan et al. 1994) owing to aircraft sampling limita-
tions and ambiguities in interpreting raw satellite ra-
diances (KT09). Geophysical products obtained from
satellite sounders and imagers are potentially very power-
ful because of their ability to represent a scale-dependent
probability distribution function (PDF) over orders of
magnitude in spatial scale, depending on the sensor
spatial resolution and swath characteristics, with near-
global sampling coverage. Furthermore, the scale depen-
dence of joint PDFs of T and q control the distributions
of cloud condensate (e.g., Kawai and Teixeira 2010;
Wang et al. 2010) and magnitude of climate sensitivity
(e.g., Kuwano-Yoshida et al. 2010). Wood et al. (2002)
showed with aircraft data the cloud fraction (CF) in a
nominal climate model grid box is reasonably approx-
imated by the mean saturation excess divided by its
variance. (The mean saturation excess is the difference
between a grid box–averaged total water content and
saturation specific humidity.) As a result, an excess (or
lack of) T and/or q variance will limit a model’s ability
to generate a realistic CF. For example, an excess of
(or lack of) variance produces a broader (narrower)
probability distribution function of CF at a similar spa-
tial scale of T and q variance (Wood and Field 2011).
In this paper, scaling exponents derived from AIRS,

two contemporary NWP model analyses, two ‘‘free-
running’’ climate models, one ‘‘superparameterized’’ cli-
mate model, and aircraft data from the Variability of the
AmericanMonsoon SystemsOcean–Cloud–Atmosphere–
Land Study Regional Experiment (VOCALS-REx)
(Wood et al. 2011) are described, where AIRS and
model horizontal resolutions are comparable. Although
many published studies of aircraft-based turbulence spec-
tra exist, especially with regard to the free troposphere
(e.g., Nastrom and Gage 1985), the present paper

emphasizes VOCALS-REx data within stratocumulus
because of its large potential contribution to cloud–
climate feedback (Bony and Dufresne 2005). In this
diagnostic study, we will show that the climate and
NWP models evaluated herein tend to underestimate
small-scale variance of T and q, but important differ-
ences among them exist in relation to data assimilation,
initialization, and subgrid-scale parameterizations.

2. Model and observational data

The AIRS on EOS Aqua has observed up to 324 000
vertical profiles of T and q on a daily basis since
September 2002 (Aumann et al. 2003). The retrieval
approach is based on the cloud-clearing methodology
(Susskind et al. 2003) and yields a nominal spatial reso-
lution of about 45 km at nadir. The sampling, precision,
and quality control of T and q are discussed in KT09,
Maddy and Barnet (2008), and elsewhere. The scaling
exponents (0.33, 0.5, and 1.0 in variance scaling space ffi
25/3, 22, and 23, respectively, in power spectral density
space) are obtained by fitting power laws to observed
variance spectra of T and q within 128 3 128 and smaller
grid boxes and on tropospheric standard pressure levels
following the approach in KT09. This grid size choice
resolves the mesoscale range (1.58, 2.08, 3.08, 4.08, 6.08,
and 12.08 scales) that contains the canonical23 and 25/3

mesoscale break (Nastrom and Gage 1985) but also re-
solves regional, latitudinal, and land/ocean variations.
Separate exponents are obtained for the 1.58–4.08 (small)
and 6.08–12.08 (large) scales. The large-scale exponent is
fit to fewer points than in KT09, but comparisons be-
tween this approach and KT09 exhibit virtually no dif-
ference in the derived exponent’s magnitude and saves
greatly on computational expense. Results herein are
restricted to relatively clear skies by retaining profiles
only when theAIRS total effective cloud fraction (ECF)
less than 0.1 (KT09). Important AIRS sampling effects
occur for larger values of ECF (Fetzer et al. 2006), in
particular the lack of sampling of temperature as well
as high values of water vapor within thick clouds, which
may affect the interpretation of cloudy spectra. There-
fore, the emphasis of this work is on atmospheric condi-
tions best sampled by AIRS observations.
As the resolution of the AIRS operational retrieval

precludes the robust calculation of variance less than
150 km in scale, we also calculate T and q spectra ob-
served at 1-s time sampling during the VOCALS-REx
campaign (Wood et al. 2011) obtained from meteoro-
logical instrumentation on theC-130 aircraft. To eliminate
the confusion between horizontal geophysical variability
with altitude zC-130 ascents and descents through strong
vertical gradients, spectra of T and q are restricted to
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horizontally level flight segments. Raw meteorological
data from the C-130 were manually inspected for spu-
rious data and inversion base crossings and these were
eliminated from further consideration. Composite spec-
tra are formed from calculating variance on flight seg-
ments of 4, 8, 16, 32, 64, 128, 256, 512, 1024, 2048, 4096,
and 8192 s in time. The Lyman-a hygrometer and the
Rosemount temperature probe both respond at approx-
imately 50 Hz, which yields sufficient temporal (and thus
spatial) sampling for the scales considered in this study.
With a nominal flight speed of 100 m s21, this translates
to distances of 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2, 102.4,
204.8, 409.6, and 819.2 km, respectively. The level flight
tracks were composited into five height categories of the
zC-130 to reduce noise and geophysical variability: ,0.3,
0.3–0.7, 0.7–1.5, 1.5–3.0, and .3.0 km. We obtain spec-
tral exponents from composite spectra that are calcu-
lated from averaging flight segments with length scales
of 102.4–204.8, 204.8–409.6, and 409.6–819.2 km that
have at least five occurrences during VOCALS-REx.
There are very few flights with longer or shorter seg-
ments and, because of a small sample size, these are less
representative of the true geophysical variability of the
atmosphere and thus are not included. To illustrate
the tendency for a change in the scaling characteristics
around the scales of the cloud features in the VO-
CALS-REx region (e.g., Wood and Hartmann 2006;
Wood and Field 2011), two spectral exponents were
separately obtained for scales less than and greater
than 10 km.
Two free-running models are investigated. First, a

modified version of the Geophysical Fluid Dynamics
Laboratory (GFDL) Atmospheric Model version 2.1
(AM2.1) with high spatial resolution is used following
Zhao et al. (2009) (see Table 1 for model details). The
model is referred to as C180HIRAM2.1 and has a cu-
bed sphere dynamical core, with 180 3 180 grid points
on each face of the cube, resulting in grid sizes ranging
from 43.5 to 61.6 km. In addition to changes in the dy-
namical core and spatial resolution, the model also dif-
fers fromGFDL’s AM2model (Anderson et al. 2004) in
its convection and cloud scheme (Zhao et al. 2009).

Second, a modified version of the National Center for
Atmospheric Research (NCAR) Community Atmo-
sphere Model, version 5 (CAM5) with high-resolution
gridding (;0.318 3 0.238) is used (Gettelman et al. 2010).
The newest version of the CAM5 includes a two-moment
microphysics scheme, an updated rapid radiative transfer
package, and improvements to the mixed and ice phases
of clouds are obtained by including ice supersaturation
and ice cloud–aerosol interactions at the point of ice
nucleation. The scaling exponent calculations of T and q
are described in KT09, except the boxes are 128 3 158 in
the case of C180HIRAM2.1. A value of total CF, 0.5 at
the top of the atmosphere (TOA) is used to screen for
‘‘clearish’’ skies, and little sensitivity of this value is re-
flected in the scaling exponents. The ECF from AIRS
and CF from the model output are not equivalent since
ECF is a convolution of cloud emissivity and coverage,
whereas CF . 0 simply indicates the presence of cloud.
The relative frequency of occurrences of ECF, 0.1 and
CF, 0.5 are similar in magnitude and sample relatively
similar spatial regimes. Results from a free-running
C180HIRAM2.1 simulation during 1 September 1995–
30 November 1995 for 0000 UTC snapshots, and a free-
running CAM5 simulation from 1 June 2005 to 31August
2005 for 0000 UTC snapshots, are presented in section 3.
Scaling exponents from two model analyses are

also investigated. The first is the European Center for
Medium-RangeWeather Forecasts (ECMWF) (Jung et al.
2010) 0000 UTC analysis fields provided on a 0.58 3 0.58
grid as a part of the Year of Tropical Convection project.
The model cycle is CY35R2 with a resolution of T799
(25 km) over 91 vertical levels. Several sources of data
relevant to T and q are assimilated, which include Global
Positioning System (GPS) occultations, radiosonde pro-
files, and AIRS and Infrared Atmospheric Sounding In-
terferometer (IASI) radiances, as well asAMSUA/B and
Special Sensor Microwave Imager (SSM/I) microwave
radiances. The second model analysis is theModern Era
Retrospective Analysis for Research and Applications
(MERRA; http://gmao.gsfc.nasa.gov/merra/) fields at
1.258 3 1.258 resolution. Note that the native resolution
of MERRA [version 5.2.0 of Goddard Earth Observing

TABLE 1. Summary of weather and climate models: spatial resolution/grid configuration, data assimilation constraints, and the simulation
period.

Model Horizontal resolution Output fields Data assimilation? Simulation period

GFDL C180HIRAM2.1 0.58 3 0.6258 Same No 1 Sep–30 Nov 1995
NCAR CAM5 0.318 3 0.238 Same No 1 Jun–31 Aug 2005
ECMWF (CY35R2) 0.258 3 0.258 0.58 3 0.58 Yes 1 Jun–31 Aug 2009
MERRA 0.58 3 0.6258 1.258 3 1.258 Yes 1 Jun–31 Aug 2009
SP-CAM 2.58 3 2.08 Embedded 2D CRM with

64 columns of 4-km resolution
Same No 1 Sep–30 Nov in 1998–2001
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System (GEOS-5) Data Assimilation System (DAS)] is
0.58 3 0.6258, similar to C180HIRAM2.1. GEOS-5 also
assimilates many of the same data as ECMWF including
radiosondes, AIRS, AMSUA/B, and SSM/I (Rienecker
et al. 2008). As with the C180HIRAM2.1 and CAM5
models, the T and q fields are restricted to CF , 0.5.
Grid box sizes of 128 3 128 (158 3 158) were used for
ECMWF (MERRA) and results are presented below
for 1 June 2009–31 August 2009 for both models.
Lastly, variance spectra of total column water vapor

(CWV) and height-resolved q from the superparam-
eterized CAM (SP-CAM) (Marchand et al. 2009) are
compared to CWV and q spectra obtained from AIRS
and VOCALS-REx. Each GCM grid column of the SP-
CAM is 2.58 in longitude by 2.08 in latitude and contains
an embedded 2D cloud-resolving model (CRM) oriented
in a west–east direction, with cyclic lateral boundary
conditions within each GCM grid box. Each CRM con-
tains 64 columns of 4-km horizontal grid size, and the
variance is calculated at 8, 16, 32, 64, 128, 243, 487, 731,
975, and 1218 km once per day at 1200 UTC. The vari-
ance at scales less than 256 km is calculated from the
2D CRM fields only. Results are presented for three
specific regions during 1 September–30 November 1998,
1999, 2000, and 2001.

3. Results

a. Regional vertical profiles

Figure 1 illustrates model and AIRS variance spectra
for T in three different cloud regimes: stratocumulus in
the southeastern Pacific (SC), trade cumulus near Hawaii
(TC), and a convectively active region in the tropical
western Pacific (DC). The magnitude of the AIRS T
variance depends on altitude, length scale, and region
(KT09). The change in the slope of the variance (i.e.,
‘‘scale break’’) at 500 hPa in SC is discernible around
400–600 km but is significantly weaker in TC and es-
sentially nonexistent in DC. Amuch weaker scale break
is observed in the boundary layer and near the tro-
popause (KT09). Since the slope in the T variance is
weaker at 925 hPa in SC, the relative magnitude com-
pared to other pressure levels is significantly larger in
DC, showing large low-level T variability. There is a
general tendency for the model spectral slopes to be
uniformly steep relative to AIRS. This translates to T
variance that is similar to AIRS in the 600–1300-km
length scales, and several factors less than AIRS within
the 150–400-km scales, depending on the region, level,
and model. This is consistent with limitations of coarsely
gridded global models to generate small-scale variability
in the tropics (e.g., Willett et al. 2008). The models tend

to have the highest variance in the lowest levels (e.g.,
925 and 850 hPa), but this behavior holds for AIRS
only within DC and at the smallest length scales in other
regimes. For SC, the CAM5, C180HIRAM2.1, and
MERRA fields show the highest variance at 500 hPa,
while ECMWF shows much greater variance at 850 and
925 hPa. ECMWF more clearly shows (as compared to
other models) what would be expected, to first order,
with values of variance that decrease from the bound-
ary layer to the top of the atmosphere. However, in most
instances, the relative ‘‘ordering’’ of variance by pres-
sure level is consistent between AIRS and the various
models.
In the case of q (Fig. 2), there is a notable absence of

a significant scale break in the three regions in the AIRS
data (e.g., KT09). The variance is clearly higher for 925
and 850 hPa in SC and TC, but not in DC. In fact, the
spectral slope of q at 925 hPa in DC is much less than
that at 850 and 500 hPa. Figure 2 shows an absence of
a significant scale break in all models, while the model
exponents are uniformly steeper than AIRS. The vari-
ance magnitudes are more similar between the models
and AIRS in the case of q than T, although this is less
pronounced in the DC region, especially for the free-
running models that have much too little variance at
small scales. The intermodel spread of the variance in
the free troposphere (e.g., 500 hPa) is much higher than
at 850 and 925 hPa, suggesting bigger discrepancies in
the variability of water vapor in the middle troposphere
between the models and AIRS observations (cf. Pierce
et al. 2006), which could be associated with systematic
differences in terms of deep convection representation.
In all three regions, the models have a slightly higher
magnitude of q variance at 850 hPa compared to 925 hPa,
presumably from variations in the PBL height that lead
to more variations in dry and moist occurrences at a
given pressure level. However, this behavior is only
observed in DC with AIRS.
The 1-s daily variability of selected AIRS variance

spectra shown in Figs. 1 and 2 is quantified in Fig. 3. All
four models at various times either agree or disagree
with AIRS, depending on the region of study (SC, TC,
and DC), horizontal scale, and pressure level (only 500
and 850 hPa are shown for sake of clarity). Even if
the power-law exponent for a particular model variance
spectrum is very similar to AIRS, the magnitude of the
variance may be several factors higher or lower (e.g.,
CAM5 q at 500 hPa in TC). The 1-s variability is not
an estimate of a systematic bias like those that result
from partial AIRS sampling in cloudy scenes; this type is
minimized by filtering ‘‘cloudy’’ regions in AIRS obser-
vations and model simulations. Furthermore, a CF de-
pendence in the root-mean-square error (RMSE) of
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AIRS T and q is significantly less than 0.1 K and less
than 1%–2% of the magnitude of the mixing ratio, re-
spectively, for values of ECF , 0.1 (Susskind et al.
2006). Therefore, no regime (or CF) dependence on the
slope of the spectral variance explains the character of
the spectral break observed in AIRS T. In short, com-
parisons of variance scaling exponents should be used
in synergy with the variance magnitudes themselves
and their temporal variation.

b. Zonal averages

Figure 4 shows the zonal averaged T and q exponents
for both the large (600–1200 km) and small (150–400 km)
scales. All of the models capture some aspects of the
zonal structure in T observed by AIRS at the large scales
including the decrease in the deep tropics forT (Nastrom
and Gage 1985; Frehlich and Sharman 2010). However,
the model scaling in the tropics is uniformly too large,

FIG. 1. Variance spectra of T for three spatial regions: southeastern Pacific stratocumulus region [248S, 908W (97.58W)], trade cumulus
near Hawaii [248N, 1508W (157.58W)], and a convective region in the tropical western Pacific [08, 1508E (157.58E)]. AIRS, ECMWF, and
CAM5 (C180HIRAM2.1) model results contained within a 128 3 128 (128 3 158) box centered at first (second) longitudinal value. The
CAM pressure levels are located at 197.9, 524.7, 859.5, and 936.2 hPa; all other model levels are as shown in the figure legend.
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although ECMWF and MERRA have sharper hori-
zontal gradients than CAM5 and C180HIRAM2.1.
This is consistent with the inability of convective pa-
rameterizations in global models to generate enough
small-scale variance from 100 to 500 km (Willett et al.
2008). A scale break in T is observed between the
large and small scales, but the small-scale exponents are
0.1–0.3 larger than AIRS. Both ECMWF and MERRA
are closer in magnitude to AIRS than CAM5 and
C180HIRAM2.1 for large-scale T, but still somewhat
higher than AIRS. There is a hint of a decrease in the

scaling near the tropopause (Dotzek andGierens 2008)
in the large T exponents in C180HIRAM2.1, ECMWF,
and MERRA. However, the CAM5 model has a
rather constant increase in the scaling with distance
from the equator and with altitude in large T, while
C180HIRAM2.1 has a small peak near 308N and 308S,
which is even more prominent in ECMWF andMERRA
fields. For q scaling, all models show a weak to non-
existent scale break that is consistent with AIRS (KT09)
and other limited aircraft observations (Nastrom et al.
1986; Cho et al. 2000). However, the model scaling is still

FIG. 2. As in Fig. 1, but for the quantity q (g kg21).
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too steep relative to AIRS outside of the tropical free
troposphere. Furthermore, steeper model exponents are
seen near the tropopause and near-surface layers in
comparison to AIRS.

c. SP-CAM and AIRS

In Fig. 5, comparisons between SP-CAM and AIRS
CWV are shown for three similar regions discussed in

FIG. 3. Selected AIRS and climate model spectra taken from Figs. 1 and 2 for 850 and 500 hPa only. The vertical bars represent 1-s
variability taken from daily snapshots. Similar vertical bars were obtained for model spectra and are within a few factors smaller or larger
in magnitude (not shown for sake of clarity).
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FIG. 4. Zonal averaged scaling exponents for AIRS, MERRA, ECMWF, C180HIRAM2.1, and CAM5 (left) T and (right) q for ‘‘clear
sky’’ (see text for a description). The large (small) exponents are obtained from fitting power-law exponents restricted to 600–1200 km
(150–400 km) following the methodology of KT09, except for MERRA, which are obtained from 250–500 km (750–1500 km).
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Figs. 1–3. It is abundantly clear that the scaling in AIRS
CWV does not behave like the height-resolved q shown
in Figs. 1–4. In fact, CWV has a steeper slope at scales
greater than 250 km in TC and SC compared to DC,
much like the scaling of T. Thus, CWV is not an ap-
propriate analog for layer-resolved scaling exponents of
q. This emphasizes the importance of making vertically
resolved q observations, and sharp differences in
boundary layer (0.3) and free troposphere (0.5) expo-
nents obtained from meteorological tower observations
support this view (Pressel et al. 2010). The SP-CAM and
AIRS have significant differences in both the magnitude
of the variances and spectral slopes at scales greater than
100 km, with variations depending on the region, while
the SP-CAM is consistently close to 0.3 at smaller scales
in all three regions. It is intriguing thatAIRS and SP-CAM
have similar values in stratocumulus (SC) and AIRS is
clearly larger in deep convective (DC) regimes. In SC,
most of the water vapor is in the cloudy PBL, where both
AIRS and SP-CAM are supposed to have some diffi-
culties in representing reality. On one hand, the simu-
lations are for scales greater than 100 km, which may
suggest that both AIRS and SP-CAM realistically sim-
ulate some mesoscale characteristics. On the other hand,
SP-CAM is supposed to be particularly well suited for
DC regions, where its low bias of CWV variance com-
pared to AIRS is indeed puzzling. There is a scale break
;100 km simulated in SP-CAM that is not testable with
the current operational AIRS retrieval because of reso-
lution limitations (although future advancements in
single AIRS field-of-view retrievals will improve this
by a factor of 3). Furthermore, the scaling exponents
are more variable between the different years at the
larger scales in SP-CAM compared to the smaller scales,

highlighting the importance of monitoring these varia-
tions with continuous, multiyear observations of in-
terannual variability now available from AIRS.
Height-resolved q spectra from SP-CAM for the 929-,

867-, and 600-hPa levels are shown in Fig. 6. TheAIRS q
spectra for 925, 850, and 500 hPa from Fig. 2 are also
shown in Fig. 6 for comparison. The slope of the SP-
CAM is much too shallow at all scales, as the slope is
essentially flat for all three regions and pressure levels
at scales less than 250 km, implying pseudoscale in-
variance of q variability. Previous work suggests that the
large discrepancy in q variance at small scales may be
related to geometrical effects (2D versus 3D modeling).
However, Moeng et al. (2004) found that 2D simulations
of vertical moisture fluxes hw9q9i are represented fairly
well in comparison to 3D models. Assuming this is also
true in the SP-CAM (recall that SP-CAM is a 3D global
model with an embedded 2D CRM), vertical moisture
fluxes are proportional to correlations between vertical
velocity hw9w9i and moisture hq9q9i variances, thus ex-
cessive hq9q9i can be compensated by either weaker
hw9w9i or weaker correlations between hw9w9i and
hq9q9i. Some evidence for contributions from reduced
hw9w9i is supported by steeper power spectra of vertical
velocity in 2D compared to 3D CRMs (Moeng et al.
2004; cf. their Fig. 11). Furthermore, Bogenschutz
(2011) shows that the SP-CAM has essentially no sub-
grid-scale turbulent fluxes, which are entirely man-
ifested by the resolved scales. When the horizontal grid
size is 4 km, the smallest scales that are effectively re-
solved are;15 km. Vertical velocities at these scales are
much smaller than those at subgrid scales that actually
carry out these fluxes, so the resolved variances should
bemuch larger. Modeling comparisons between 2D and

FIG. 5. Shown are CWV spectra of SP-CAM (AIRS) for three regions: (a) 108–208N, 157.58–1708W(68–188N, 1568–1688W), (b) 48S–68N,
157.58–1708E (68S–68N, 1508–162.58E), and (c) 108–208S, 77.58–908W (68–188S, 848–968W). All spectra are from September–November
(SON) at 1200 UTC during 1998–2001 (SP-CAM) and 0000 UTC during 2004–08 (AIRS). The scaling exponents for25/3 (0.33) and23
(1.0) are shown in gray (black).
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3D CRMs, and a rigorous evaluation of the model var-
iances and fluxes, warrants further investigation.

d. VOCALS-REx

In Fig. 7, height-resolved composite spectra of T and q
obtained from VOCALS-REx from 30 to 200 km have
spectral slopes similar to AIRS (Fig. 2); however, the
slopes are significantly steeper at scales less than 10–
20 km. The steepening at small scales is reminiscent to
slopes steeper than 25/3 observed in boundary layer ob-
servations of q reported by Schmitt et al. (1979) and
Zhang (2010) and liquid water content (Davis et al.
1996). Furthermore, spectra of T and q obtained from
surface buoy data during the East Pacific Investigation
of Climate (EPIC) experiment show mesoscale breaks
around 20–30 km, although the spectral slopes are less
steep than shown in Fig. 7 and are around 0.3–0.5
(Comstock et al. 2005). This is not unexpected as these
observations are obtained from a buoy near the surface
of the ocean where the scaling is expected to be weaker.
All spectra at scales less than 10–20 km have increased
spectral slopes and are at a minimum for z , 300 m
(;0.4) and a maximum for z . 1000 m. The exponents
for q are steeper than T in the free troposphere. The T
spectra have a scale break ;20 km as with q but it is
more or less pronounced depending on the altitude.
Since there are a limited number of flight segments at
a constant altitude, these composite spectra may not
represent the full geophysical variability in this region.
However, the distinct change in spectral slopes above
and below the inversion base is consistent with AIRS
(KT09) and observed vertical structure in surface-based
tower (Pressel et al. 2010) observations. This points to
a need for more aircraft observations of thermodynamic
variability in the cloudy boundary layer, and data ob-
tained from past aircraft campaigns should be revisited
to examine scale-dependent features in T and q.

4. Discussion and conclusions

Excessively large finescale variability simulated in
SP-CAM and observed scale breaks in aircraft data
(VOCALS-REx) are located at spatial scales unresolved
by current sounders such as AIRS and the Infrared
Atmospheric Sounding Interferometer (IASI), or future
sounders such as the Cross-Track Infrared Microwave
Sounder Suite (CrIMSS), with nominal horizontal res-
olutions on the order of 50 km. These scale breaks imply
that extending variance to smaller scales using expo-
nents obtained from scales resolved by these coarser-
resolution sounders is not necessarily appropriate as
suggested by KT09. Observing systems with sufficient
spatial resolution (roughly 1–10 km horizontally) that
are able to resolve dominant scales of cloud structures
(Wood and Field 2011) are needed to quantify the
character of the variability in different cloud regimes
for all relevant geophysical variables (Stevens and
Feingold 2009), not only T and q. The problem of ex-
tending variance to small scales is highly relevant to
promising subgrid-scale cloud parameterization ap-
proaches that have not been fully exploited to date (e.g.,
Cusack et al. 1999; Tompkins 2002; Kuwano-Yoshida
et al. 2010). Small-scale observations are also important
for evaluating the new generation of multiscale modeling
framework models (e.g., SP-CAM), global CRMs (e.g.,
Hamilton et al. 2008), and large-eddy simulation (LES)
models (e.g., Siebesma et al. 2003).
The scaling exponents are found to be steeper in both

the free-running models (CAM5 and C180HIRAM2.1)
and analyses (ECMWF and MERRA) in comparison to
AIRS, suggesting that the small-scale variance in these
models is too small. It is not known whether this be-
havior is driven (in part, or in whole) by differences in
subgrid-scale parameterizations (e.g., Hamilton et al.
2008), resolution (Boville 1991), differences in the

FIG. 6. As in Fig. 5, but 1-s values of q shown at constant pressure levels in SP-CAM and AIRS.
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numerical representation of the dynamical core (e.g.,
Rood 1987; Rasch et al. 2006; Williamson 2007), data
assimilation (satellite, radiosonde, and surface observa-
tions), or other reasons, which warrants further in-
vestigation. However, it appears that the free-running
models used in climate assessments have a poorer repre-
sentation of the scale dependence ofT and q variance than
models with data assimilation systems (e.g., ECMWF and
MERRA). This is qualitatively consistent with slightly
poorer performance of climate models that are exe-
cuted in ‘‘weather forecast mode’’ when compared to
NWPmodels (Phillips et al. 2004); however, it is yet to be
determined if small-scale variability is a primary factor
in these differences of forecast skill. More research is

necessary to determine the potential implications for
climate sensitivity (e.g., Seiffert and von Storch 2008)
and cloud feedback sign and magnitude, which include
tests of ECMWF and MERRA without realistic ini-
tialization. Additional studies such as Cusack et al.
(1999) that use constraints on subgrid-scale variability
obtained from observations should be undertaken. As
the SP-CAM results indicate, having embedded CRMs
that serve as subgrid-scale parameterizations does
not necessarily ensure realistic q spectra. Observational
constraints from satellite and aircraft observations will
continue to play an indispensable role in parameteri-
zation development and improvement efforts.
This work shows that higher horizontal spatial reso-

lution observations of T and q over the entire globe are
necessary to observe the global characteristics of small-
scale ‘‘turbulence’’ in thermodynamic profiles. At the
same time, current and future operational and research
atmospheric sounders will continue to play a role in as-
sessing climate processes, establishing quantitative bench-
marks for model comparisons; facilitate the development
of more rigorous observationally based subgrid-scale
parameterizations; and possibly offer a long-term strat-
egy to monitor regional variations in the mesoscale
spectrum of T and q over the entire globe. The mesoscale
spectrum observed by AIRS is broadly consistent with
previous observational, theoretical, and modeling stud-
ies that demonstrate a scaling ‘‘break’’ from 23 to 25/3

in the neighborhood of 400–800 km in horizontal scale.
However, the scale break is only observed in temper-
ature (not height-resolved water vapor), and is most
pronounced in the extratropics between the surface
boundary layer and a few kilometers below the tro-
popause. Temperature and water vapor profiles are
‘‘retrieved’’ from observed radiances emitted from
three-dimensional volumes of atmosphere (40 km or
larger horizontally, 2–3 km vertically). Although this
observational approach is fundamentally different
than the in situ sampling and observational strategy of
aircraft investigations, it offers an independent set of
observations that verify the existence and quantify
the magnitude of the mesoscale break in atmospheric
temperature (Lovejoy et al. 2009; Lindborg et al.
2010).
As shown by Hamilton et al. (2008), the observed KE

spectrum serves as a useful diagnostic for climate model
assessments.We suggest that height- and regime-resolved
spectra of T and q should also serve as model diagnostics
as they can be highly variable in space and time. Addi-
tional A-Train datasets should serve as benchmarks for
other model-relevant variables such as cloud water con-
tent and precipitation. Furthermore, their simultaneous
observationwithT and q can be combined intomultisensor

FIG. 7. Shown are composite variance spectra for (top) q and
(bottom) u in five altitude bins during VOCALS-REx for flight
segments with at least five segments averaged (see text). The num-
bers in the parentheses are scaling exponents for spectra, 10 kmon
the left (. 10 km on the right).
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observational estimates of moist conserved thermody-
namic variables that will be directly comparable to fun-
damental model parameters.
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